Abstract. The purpose of this study was to (a) Determine the cellular transport and uptake of amineterminated generation 3 (G3) poly(amido amine) (PAMAM) dendrimers across an in vitro model of the pulmonary epithelium, and the ability to modulate their transport by forming nanoblends of the dendrimers with biodegradable solid polymeric nanoparticles (NPs) and (b) to formulate dendrimer nanocarriers in portable oral inhalation devices and evaluate their aerosol characteristics. To that end, fluorescein isothiocyanate (FITC)-labeled G3 PAMAM dendrimer nanocarriers (DNCs) were synthesized, and also encapsulated within poly lactide-co-glycolide nanoparticles (NPs). Transport and uptake of both DNCs encapsulated within NPs (nanoblends) and unencapsulated DNCs were tracked across polarized monolayers of airway epithelial cells, Calu-3. DNCs were also formulated as core-shell microparticles in pressurized metered-dose inhalers (pMDIs) and their aerodynamic properties evaluated by Andersen cascade impaction. The apparent permeability of DNCs across the airway epithelial model was similar to that of a paracellular marker of comparable molar mass-order of 10 −7 cm s −1 . The transport and cellular internalization of the DNCs can be modulated by formulating them as nanoblends. The transport of the DNCs across the lung epithelium was completely suppressed within the time of the experiment (5 h) when formulated as blends. The encapsulation also prevents saturation of the cellular internalization profile. Nanoblending may be a potential strategy to modulate the rate of transport and cellular uptake of DNCs, and thus be used as a design strategy to achieve enhanced local or systemic drug delivery.
INTRODUCTION
Oral inhalation (OI) is not only the most sensible route for the regional administration of drugs to the lungs, but it has been also recognized as a potential alternative platform for the systemic delivery of therapeutic molecules through the lungs [1] . Some of the potential advantages of using the lungs as a portal to the systemic circulation include the lower enzymatic activity in the lung tissue [2, 3] , which may improve drug bioavailability [2, 4] , and the large absorptive area and high vascularization of the alveolar region, which is expected to facilitate the transport of therapeutics into the blood stream [1] . Literature reports indicate that the peak in the systemic circulation of many, if not most, small-molecule therapeutics delivered to the lungs via OI is in the order of minutes, or even shorter [1, 5] . Such fast transport rates may actually be a challenge at times, as most commercial OI formulations in the market today target the lungs, and short residence times translate to more frequent and higher dosage requirements, which may lead to more pronounced side effects [6, 7] . The reverse problem is also observed in cases when the lung epithelium works as an effective (and dominant) barrier to the transport of therapeutics that is intended for systemic delivery [5, 8] .
Novel OI formulations that take full advantage of controlled delivery systems may help modulate the transport of therapeutics across the lung epithelium, and thus improve the effectiveness of existing OI therapies [9] . Innovative formulations such as those that allow for the controlled delivery of therapeutics may also help augment the inhaled drug market share. Polymeric nanocarriers (PNCs) are especially suited within this context [10] [11] [12] [13] . PNCs may help overcome many of the drug delivery challenges facing OI therapies; as cellular uptake and transport across the epithelium, the main barriers to the systemic circulation, may be potentially modulated by carefully designing the carriers, as has been demonstrated for other epithelia [13] [14] [15] . Important design characteristics of PNCs that may be used to improve the control over the transport of therapeutics across epithelial barriers include their architecture (e.g., dendrimer nanocarriers (DNCs) vs. polymeric nanoparticles (NPs)), size, surface charge, and surface chemistry (e.g., presence of targeting or non-fouling moieties) [14, 16, 17] . While significant attention has been given to the transport of PNCs across Electronic supplementary material The online version of this article (doi:10.1208/s12248-014-9588-5) contains supplementary material, which is available to authorized users. traditional epithelial barriers [9, 14, 18] , little is known on how PNCs (and DNCs) interact with the lung epithelium. Similarly, the ability to deliver PNCs to the lungs using portable inhalers has been only recently demonstrated, while a substantial body of work is available in the literature regarding the formulation of PNCs for other delivery routes [14, 16, 19] .
Based on the challenges and opportunities described above, the goal of this work was to investigate the uptake and transport of DNCs across polarized Calu-3 monolayers, an in vitro model of the lung airway epithelium, and the ability to further modulate the cellular uptake and transport of the DNCs by forming polymeric blends between DNCs and polymeric NPs. Generation 3 (G3), amine-terminated, poly(amido amine) (PAMAM) dendrimers (G3-NH 2 ), and poly (D,L-lactide-co-glycolide) (PLGA) NPs were selected as models in this study due to the extensive literature available for these systems as drug delivery carriers. Transport studies were performed across polarized monolayers grown onto porous inserts at the air interface culture condition (AIC). Cellular internalization of the DNCs, polymeric NPs, and their blends were determined by flow cytometry and cell lysis, also on polarized cell monolayers. Another goal of this study was to demonstrate the ability to formulate DNCs in portable OI formulations that show aerosol characteristics conducive to enhanced deep lung deposition. Core-shell structures containing the DNCs were prepared, and the aerosol characteristics of corresponding formulations in pressurized metered-dose inhalers (pMDIs) quantitatively determined.
MATERIALS
Carboxyl-terminated PLGA (COOH-PLGA, 50:50, molecular weight (MW) 31.3-45.0 KDa) was purchased from Birmingham Polymers (Birmingham, AL). G3 PAMAM dendrimer (G3-NH 2 ), containing 32 surface groups (MW 6,909 Da), fluorescein isothiocyanate (FITC), glutaraldehyde (25%), Triton-X-100 (reagent grade), bovine serum albumin (BSA), osmium tetroxide (OsO 4 , 4% in water), penicillinstreptomycin (100 U/mL, AB), poly(vinyl alcohol) (PVA, 87%-90% hydrolyzed), Alcian Blue, Trypan Blue, DPX® mounting media, N-Hydroxysuccinimide (NHS), N,N′-dicyclohexylcarbodiimide (DCC), and dialysis membranes (Spectra/Por, MWCO 1 kDa) were all procured from Sigma. Ethylenediamine was purchased from Fluka. Deionized (DI) water with a resistivity of 18.0 MΩ cm (NanoPure Diamond, Barnstead) was used in all experiments. BCA® protein assay was purchased from Pierce. Phosphate buffered saline (PBS, 10X) was purchased from Fisher Scientific and was diluted to 1X using DI water. Hank's balanced salt solution (HBSS 1X, pH 7.3) supplemented with 0.01-M HEPES was prepared. Rabbit Anti ZO-1 (Mid) primary antibody (product #A11010), Alexa Fluor® 546-labeled goat anti-rabbit IgG (product #402200), 4′,6-diamino-2-phenylidole diacetate (DAPI) and the cell viability assay, MTT (Vybrant® cell proliferation assay kit), were purchased from Molecular Probes. Transwell® inserts (Corning, 0.4-μm pore size, polyester, 0.33 cm 2 ), cell culture flasks (75 cm 2 ), 24-well culture plates, cover glass slides (18 mm 2 ), and 96-well flatbottomed culture plates (Cellstar), and trypsin supplemented with 0.25% ethylene diamine tetraacetic acid (EDTA) were purchased from VWR International. Dulbecco's modified Eagle's medium (DMEM, product #10569) was procured from Invitrogen. Fetal bovine serum (FBS, non-heat inactivated) was purchased from Atlanta Biologicals. Metering valves were kindly provided by Valois (DF30) and 3M (EPDM Spraymiser). Pressure-proof vials (5 mL, 6800318) were purchased from West Pharmaceutical S e r v i c e s . P h a r m a G r a d e ( > 9 9 . 9 9 % p u r i t y ) hydrofluoroalkane, 1,1,1,2,3,3,3-heptafluoropropane (HFA227) was a gift from Solvay Fluor und Derivate GmbH & Co. 2H,3H-perfluoropentane (HPFP, Vertrel XF) was purchased from TMC Industries. Glutaraldehyde was diluted from 25% to 2.5%, and osmium tetroxide diluted to 1% using DI water prior to their utilization. G3-NH 2 dendrimers were dried in vacuum overnight to remove methanol prior to usage. Anhydrous dimethylsulfoxide (anh. DMSO) and anhydrous dichloromethane (anh. DCM) were obtained from EMD Chemicals. All other chemicals used in this work were procured from EMD, were of analytical grade, and were used as received, unless otherwise noted.
METHODS

Conjugation of FITC to G3-NH 2
Conjugation of FITC to G3-NH 2 was performed according to a procedure described earlier [20] . Briefly, a known mass of dendrimer was dissolved in PBS (5 mL). A known mass of FITC (concentration <5 mg mL ) was solubilized in acetone and reacted with the aforementioned solution of G3-NH 2 under darkness for 24 h, resulting in the FITCconjugated G3-NH 2 (G3-NH 2 -FITC). The organic phase was evaporated by gently sparging nitrogen, and the remaining contents from the flask were transferred to a dialysis bag and dialyzed extensively against DI water for 48 h, with periodic changing in DI water every 6 h, to remove any unreacted FITC. The contents of the dialysis bag were then transferred to a centrifuge tube, flash frozen using liquid N 2 and lyophilized (Labconco FreeZone) for 48 h to obtain the final product. The presence and the extent of FITC conjugation onto the dendrimer was ascertained by 1 H NMR (DMSO-d 6 Varian 400 MHz).
Preparation of G3-NH 2 -FITC-Loaded PLGA NPs
Loading of the G3-NH 2 -FITC into the NPs to form the nanoblends was accomplished using a modified version of the double emulsion solvent evaporation technique [21] . Briefly, 0.9 mg of the FITC-labeled dendrimer was dissolved in 50 μL of DI water. The aqueous solution was emulsified over an ice bath with 80 mg of PLGA dissolved in 6 mL of an organic mixture containing ethyl acetate and acetone (4:1 ratio) using a sonicating probe (Omni Ruptor 250, Omni Inc.) set at 50 W power for 2 min. The primary emulsion formed was added dropwise to 5 mL of an ice-cold, 5% PVA solution under heavy vortexing (3,000 rpm). The secondary emulsion formed was emulsified over an ice bath using the probe set to the same power, for another 1 min. The emulsified mixture was diluted in about 150 mL of chilled 1% PVA solution and stirred overnight to evaporate the organic solvent. The NPs were recovered by centrifugation (26,000×g for 60 min at 4°C, Sorvall Legend X1R) and washed thrice with DI water to remove residual PVA. The washed NPs were redispersed in DI water, flash frozen in liquid N 2 , and lyophilized for 36 h to obtain the final product. The recovered G3-NH 2 -FITCloaded NPs (the nanoblend) were characterized for size, surface charge and morphology using the Zetasizer Nano (Malvern), and scanning electron microscopy (SEM). For the light scattering (LS) measurements, 2 mg of NPs were gently dispersed in 1.5 mL of 1X HBSS using a probe sonicator over an ice bath. For SEM, a few drops of the aforementioned dispersion were deposited on the surface of a cover glass and subsequently evaporated overnight. The cover glass was then sputter coated with gold for 25 s (Ernst Fullam) and imaged using SEM (Hitachi S-2400) at a voltage of 25 kV.
Loading Efficiency of the G3-NH 2 -FITC into PLGA NPs
Loading efficiency of the FITC-conjugated PAMAM dendrimers from the NPs was determined using fluorescence spectroscopy. Five milligrams of the G3-NH 2 -FITC-loaded PLGA NPs was dissolved in 2-mL methylene chloride. The organic phase was then contacted with an equal volume of 1X HBSS and the mixture was subject to vortexing for 1 min at 3,000 rpm followed by extraction (LabQuake, Thermo Fisher) overnight under gentle mixing. The aqueous phase was isolated after extraction and subjected to fluorescence spectroscopy (Synergy Mx, BioTek Instruments, λ ex =490 nm and λ em =520 nm). The readings obtained were compared against a previously prepared calibration curve of the G3-NH 2 -FITC to quantify the extent of the conjugate in the NPs. This procedure was done in triplicate, and the value reported here is an average of the three independent runs.
Controlled Release Studies of the G3-NH 2 -FITC from the NPs
The sustained release of the G3-NH 2 -FITC from the PLGA NPs was performed in 1X HBSS maintained at 37°C. Five milligrams of the G3-NH 2 -FITC-loaded PLGA NPs (ca. 50 μg G3-NH 2 -FITC) were incubated in 5 mL of buffer maintained at constant temperature (37°C) in a water bath. At predetermined times, the suspension was centrifuged (26,000×g, for 30 min at 4°C) and 200 μl of the HBSS was sampled from the supernatant. The amount of the G3-NH 2 -FITC released was estimated by fluorometry, as described in the previous section. An equal volume of HBSS was added to the release media in order to compensate for the buffer removed. The system was then redispersed and replaced back into the water bath for further sampling. The release profile is presented as a cumulative estimate of the G3-NH 2 -FITC conjugate released over a period of 24 h. The release of G3-NH 2 -FITC from the NPs in presence of mucus-laden HBSS was also evaluated. Synthetic regular mucus was prepared according to a methodology available in the literature and was diluted in the ratio 1:1000 in HBSS. The ratio 1:1000 (mucus/HBSS) was estimated by determining the volume of mucus on confluent Calu-3 monolayers seeded in the insert, which was calculated based on the thickness of the mucosal layer in the airways-estimated to be 8 μm, and the surface area of the insert, which is 0.33 mm 2 [1] . The release studies were conducted as described for the release in HBSS. The measurements were conducted in triplicate, and the values reported here are averages of three independent runs.
Preparation of FITC-Conjugated PLGA NPs
FITC was conjugated to PLGA according to a procedure detailed in the literature [22] . Briefly, COOH-PLGA (200 mg, 5 μM) was solubilized in anh. dichloromethane (DCM, 5 mL) and allowed to react with DCC (1.5 mg, 7 μM) and NHS (1 mg, 7 μM) overnight in order to activate the terminal carboxyl group on PLGA. The dicyclohexylisourea (DCU) formed as a precipitate was filtered, and the resulting product was allowed to react with ethylenediamine (1 mg, 16 μM) in DCM in order to convert the succinimidyl ester group on PLGA to primary amine. The product obtained was purified by precipitating in diethyl ether, and the resulting solid was dried under vacuum. This amine-terminated PLGA was allowed to react with FITC (2.2 mg, 6 μM) overnight in anh. DMSO (5 mL). The resulting product was purified by dialysis against water, and lyophilized to recover the final product. The polymer thus prepared was characterized using 1 H NMR to ascertain the conjugation of FITC to the polymer backbone-carboxyl group. NPs of the resulting polymer ( F I T C -c o n j u g a t e d P L G A ) w e r e pr e p a r e d us i n g emulsification solvent evaporation technique as detailed earlier. The NPs recovered were characterized for size and surface charge as described in previous sections.
Cell culture
The human airway epithelial cell line Calu-3, was purchased from the American Type Culture Collection (ATCC). Cells from passages 35-45 were used in the transport experiments. Calu-3 cells were plated in 75-cm 2 culture flasks, in DMEM supplemented with 10% FBS and 1% AB, and allowed to grow to confluence. Once the confluence of the monolayer in the culture flasks was ascertained visually, they were subcultured and reseeded in Transwell® inserts at a density of 0.5×10 6 cells per well, and allowed to proliferate in a humidified atmosphere maintained at 37°C and 5% CO 2 . The cells were grown initially under liquid culture conditions (LCC) for 48 h, after which the medium on the apical side was removed and the cells were allowed to grow under an air interface culture (AIC). The culture medium on the basolateral side was replaced every 2 days, and the integrity of the Calu-3 monolayer was ascertained by determining its transepithelial electrical resistance (TEER). The measurements were conducted using an electrovoltohmmeter (EVOM, WPI Inc.,) equipped with chopstick electrodes. TEER of the monolayer was monitored every day until the values peaked to a high value and leveled, indicating that the monolayer had reached confluence. Additional techniques, including electron microscopy and immunocytochemical analysis were employed to confirm monolayer integrity and to ascertain the presence of tight junctions.
Electron Microscopy and Immunocytochemistry
Confluent Calu-3 monolayers were subjected to SEM to visually ascertain the morphology of the cell monolayers.
Fixing and staining of the cells was done according to a procedure enlisted in the literature [23] . Once the confluence of cell monolayers was confirmed by TEER, select inserts were isolated and incubated in a 1:1 mixture of 2.5% glutaraldehyde (in DI water) and cell culture medium for 5 min at room temperature. The inserts were gently rotated in this medium during incubation. The mixture was replaced with the fixative, 2.5% glutaraldehyde, and was incubated for 30 min at room temperature. The cells were then stained with a 1% solution of OsO 4 for a period of 90 min after which they were washed in increasing gradients of ethanol (20%, 40%, 60%, 80% and 100%, all v/v), each for a period of 10 min. The dehydrated monolayers were lyophilized for a period of 48 h, sputter coated with gold (Ernst Fullam) and imaged using SEM (JEOL, JSM-6510LV-LGS) at 25 kV.
Alcian blue stain was used in confirming the secretion of glycoproteins on the surface of Calu-3 cells. Confluent Calu-3 monolayers were isolated and were washed with HBSS after which they were incubated for a period of 20-30 min in 1% Alcian Blue (in 3% acetic acid) at room temperature. After incubation, the staining reagent was removed from the apical side, and the monolayers were washed with excess HBSS until the rinsate ran clear. The membrane from the inserts were carefully removed and mounted on microscope slides using DPX mountant, and imaged using an optical microscope (Diaphot 300, Nikon).
Immunocytochemical staining was conducted on confluent Calu-3 monolayers to detect and confirm the presence of the zona occludens (ZO-1) protein that populates the tight junctions of confluent Calu-3 monolayers [23, 24] . The procedure was performed according to the protocol prescribed by the manufacturer. Briefly, select monolayers, whose TEER values had peaked and leveled, were washed with 1X PBS twice and were fixed in a 4% solution of paraformaldehyde for 20 min at room temperature. The fixed monolayers were washed with PBS and permeabilized with 0.5% Triton-X-100 solution containing 1% BSA (blocking agent), in HBSS for a duration of 30 min. The permeabilizer was removed and cells were washed with PBS, and subsequently incubated for 60 min in a 6% BSA solution in HBSS to block non-specific interactions. The cells were then incubated in rabbit anti ZO-1 (mid) primary antibody (5 μg mL −1 ) dissolved in the blocking agent for 45 min followed by another 45-min incubation in an Alexa Fluor® 546 labeled goat anti-rabbit IgG in blocking solution. The cells were washed with PBS and counterstained with DAPI (0.1 μg mL −1 in DI water), mounted on glass slides using DPX mounting media and stored at 4°C overnight. The stained monolayers were observed using a fluorescent microscope (Zeiss AxioCam mRM, Carl Zeiss) to visually ascertain the presence of ZO-1. The images were captured using the software, AxioVision (Zeiss).
Cytotoxicity Studies
The viability of Calu-3 cells in the presence of G3-NH 2 -FITC and G3-NH 2 -FITC-loaded NPs was estimated using MTT assay, according to a protocol outlined by the manufacturer. Briefly, Calu-3 cells were seeded at a density of 10,000 cells per well in 96-well culture plates, and allowed to grow for a period of 24 h. Cells were then washed twice with HBSS and the medium was replaced with 100 μL of HBSS containing varying concentrations of either G3-NH 2 -FITC or the NPs containing the conjugates. The cells were allowed to incubate in the test solutions for a period of 7 h. This duration was selected as it was 2 h longer than the time utilized for the transport experiment. After the duration of the test period, cells were washed thrice with 1X HBSS and incubated at 37°C in 100 μL of HBSS containing 20 μL of MTT solution for a period of 4 h. The incubation was followed by replacing 75 μL of the solutions in the wells with 50 μL of DMSO and allowing the cells to stand for 10 min in order to dissolve the formazan crystals. The well plates were read at an absorbance of 540 nm using a plate reader (Synergy Mx, BioTek Instruments). Cell monolayers exposed to only 1X HBSS were used as controls. Cell viability was determined by comparing the absorbance values of cells exposed to G3-NH 2 -FITC and G3-NH 2 -FITC-loaded into NPs to that of the control.
IN-VITRO TRANSPORT, CELLULAR UPTAKE, AND MASS BALANCE STUDIES Transport
Transport of bare G3-NH 2 -FITC and G3-NH 2 -FITC from blends with the polymeric NPs was determined across confluent Calu-3 monolayers using a strategy similar to that reported in the literature for therapeutics and other probe molecules [23, 25] . Once an acceptable in vitro epithelial barrier was established as described above, the transport experiments commenced. Prior to starting the transport studies, the medium on the apical and basolateral sides were replaced with warm 1X HBSS and the monolayers were allowed to equilibrate at 37°C for a period of 45 min. The TEER of the monolayer was recorded, after which the PNCs were pulsed onto the cell monolayers in 0.2-mL HBSS solution. For the case of bare G3-NH 2 -FITC, the 0.2-mL HBSS solution contained 25 μg of dendrimers. For the case of the dendrimer-NP blends, the 0.2-mL HBSS solution contained 3 mg of NPs. The NP concentration was selected based on the loading of the G3-NH 2 -FITC-so as to correspond to a total mass of dendrimer of 25 μg. These experiments guarantee the same mass/M concentration of dendrimer in both systems. The basolateral side (receptor compartment) was fed with 0.6-mL fresh 1X HBSS. The transport across the cell monolayer to the basolateral side was monitored over a 5-h period. At predetermined times, inserts were transferred to wells containing fresh 1X HBSS in the receptor compartment and the transport study was continued. This was done in order to maintain sink conditions during the duration of the experiment. The amount of G3-NH 2 -FITC that traversed onto the basolateral side was quantified by fluorescence spectroscopy (λ ex =485 nm; λ em =520 nm). The apparent permeability (P app ) was determined according to Eq. (1).
Where F is the flux (rate of cumulative mass of G3-NH 2 -FITC transported), A is the area of the insert (0.33 cm 2 ), and C o is the initial concentration of G3-NH 2 -FITC on the apical side of the insert. F was calculated by plotting the cumulative mass of G3-NH 2 -FITC transported as a function of time, and corresponds to the slope from the resultant curve [23, 25] .
Cellular Uptake and Mass Balance
Cellular uptake was determined in two ways. Here, we report the procedure for the uptake determined from the cell lysate. This is an absolute determination (total concentration of the species of interest), and was used to perform an overall mass balance with respect to the amount of the dendrimer. In the next section, we discuss cellular uptake determined by flow cytometry. The concentration of G3-NH 2 -FITC and G3-NH 2 -FITC encapsulated in the NPs into Calu-3 cells was quantified at the end of the transport experiments-at the 5-h time point. After completion of the transport studies, the apical media was removed and stored under darkness at 4°C. The cell monolayers were washed with ice-cold HBSS to arrest uptake and remove non-bound NPs and conjugates. The particles washed during this rinse were also collected and accounted for as non-internalized. The amount of G3-NH 2 -FITC in the fluids collected was measured by fluorescence spectrometry as described in earlier sections. For bare G3-NH 2 -FITC, the apical fluid collected was centrifuged (1,500 rpm, 6 min) and directly read using a fluorometer, whereas for the dendrimer-NP blends, the apical fluid laden with NPs was contacted with organic solvent (methylene chloride) to break down the polymeric matrix and release the dendrimer. The mixture was allowed to stand until the organic and the aqueous phases separated. The aqueous phase was subsequently analyzed for the conjugate released as detailed above. The monolayers were subsequently lysed by allowing them to stand in 2% triton-X-100 in HBSS for 24 h under darkness. In case of bare G3-NH 2 -FITC, lysed cell monolayers were centrifuged (800 rpm, 5 min) and the supernatant was analyzed for the G3-NH 2 -FITC using fluorometry (λ ex =485 nm and λ em =520 nm, Synergy Mx, Biotek Instruments). In case of the G3-NH 2 -FITC loaded into NPs, the lysate was centrifuged (800 rpm, 5 min), the supernatant separated and contacted with methylene chloride to dissolve the internalized NPs and extract the G3-NH 2 -FITC into the aqueous phase. After a 24-h extraction, the aqueous phase was analyzed for G3-NH 2 -FITC using fluorometry. The results were normalized with respect to the total protein content using BCA protein assay, according to the protocol given by the manufacturer. By determining the concentration of the G3-NH 2 -FITC in the apical side of the monolayer, the concentration that was internalized within the cell, and the amount transported onto the basoleteral side, a mass balance of the G3-NH 2 -FITC could thus be performed.
Flow Cytometry
Flow cytometry analysis was conducted on polarized Calu-3 cells according to methodology detailed in the literature, with some modifications [26] . Calu-3 cells (passages [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] were seeded at a density of 1×10 6 cells per well in 24-well plates, and allowed to grow to confluence. The monolayer confluence was confirmed by staining select wells for ZO-1 and subjecting them to fluorescence spectrometry as detailed earlier, a day before commencing the uptake studies.
The presence of ZO-1 protein suggested that the cells were confluent. Prior to pulsing G3-NH 2 -FITC or NPs loaded with G3-NH 2 -FITC, the cell monolayers were incubated with 1X HBSS (at 37°C) for a period of 30 min. The cells were then incubated with (i) G3-NH 2 -FITC or (ii) NPs loaded with G3-NH 2 -FITC or (iii) FITC-PLGA NPs in HBSS for varying time periods (5, 4, 3, 2, and 1 h, and 30 and 15 min). Care was taken to ensure that the concentration of G3-NH 2 -FITC was the same for both systems. The concentration FITC-PLGA was the same as that of NPs loaded with G3-NH 2 -FITC. After incubation for a specified duration, the test solutions were removed and the cell monolayers were washed thrice with ice-cold HBSS. The extracellular fluorescence was quenched with trypan blue (0.25% w/v in HBSS), and the monolayers were washed again, before being subjected to trypsinization (trypsin supplemented with 0.25% EDTA). The detached cells were centrifuged (1,200 rpm, 6 min) to obtain the cell pellet which was subsequently resuspended in 1 mL of fresh HBSS and analyzed using a flow cytometer (BD LSR II (BD Biosciences, San Jose, CA)), with the samples excited with a Coherent Sapphire laser (488 nm) and detected through a 530/30 bandpass filter (FITC). Only viable cells were gated for fluorescence analysis. As controls for G3-NH 2 -FITC, 1X HBSS was utilized, whereas for NP system, blank PLGA NPs were used. At least 6,000 events were counted for each condition. All experiments were repeated/performed independently by two different investigators in our laboratories (impendent runs), with three wells each time, 4 weeks apart from each other. The results shown here are thus averages of six wells. The cellular entry was expressed in percentages as a function of time by plotting the mean fluorescence intensity (MFI) values of cells gated for FITC from histograms sourced from the fluorescence-activated cell sorting (FACS) data. In addition, the rate of cellular entry was also plotted as a function of time by normalizing the MFI data with respect to the 5-h MFI values, which were set at 100%.
Preparation and Characterization of G3-NH 2 -FITC-Loaded Core-Shell Particles
Synthesis and characterization of a biodegradable cooligomer, oligo(lactide) grafted chitosan (OLA-g-CS) that forms the shell encapsulating the G3-NH 2 -FITC has been documented in detail elsewhere [27] . The CS was depolymerized from 310 kDa to a MW of about 1 kDa according to procedure described in the literature, with a degree of deacetylation of 77% as estimated by 1 H NMR [28] . Ring opening polymerization was used in grafting lactide chains onto the degraded CS backbone. The resulting co-oligomer had a MW of 1.7 kDa, with at least three OLA chains (8 LA units, 21% graft percentage) onto each CS backbone, as determined, using 1 H NMR. Preparation of G3-NH 2 -FITC loaded core-shell particles was accomplished via emulsification diffusion. Briefly, 30 mg of the co-oligomer was dissolved in 0.9-mL DI water and to this solution, 1.2 mg of the dendrimer was added. This aqueous solution was emulsified with 19 mL of ethyl acetate in a bath sonicator (VWR P250D, 180 W) for 8 min at 17°C. The resulting water in oil emulsion was quickly added to a large volume of ethyl acetate (200 mL). The high solubility of water in ethyl acetate causes it to migrate from the dispersed droplet phase into the bulk phase. Being interfacially active [27] , the co-oligomer resides at the interface, templating the G3-NH 2 -FITC as spherical particles with core-shell morphology, where the co-oligomer becomes the shell and dendrimers the core. Core-shell particles thus formed were collected by centrifugation (Sorvall Legend X1R, 5,000 rpm, 20 mins), air dried, and stored in a desiccator prior to usage. The particles were characterized for shape and size using dynamic light scattering (DLS) and SEM. A known amount (2 mg) of particles was dispersed in 1.5 mL of HPFP at 18°C in a bath sonicator and subject to DLS analysis. A small quantity of the dispersion was deposited onto cover glass slides, dried in a light stream of air, and sputter coated with gold for 40 s prior to imaging them under SEM (Hitachi S-2400) at 25 kV. The loading of the dendrimer conjugates in the core of the particles was determined using fluorescent spectroscopy. A known mass of the particles (3 mg) containing the G3-NH 2 -FITC and the water-soluble shell was dissolved in a known volume (3 mL) of HBSS. The resulting solution was analyzed using fluorescence plate reader at excitation and emission wavelengths of 495 and 520 nm, respectively, (those corresponding to FITC) and compared against a previously prepared calibration curve of the G3-NH 2 -FITC to quantify their loading.
Physical Stability of G3-NH 2 -FITC Loaded Core-Shell Particles in HFA Propellant
A known mass of the core-shell particles containing the G3-NH 2 -FITC was loaded into pressure-proof glass vials (West Pharma, 6800318), and crimp sealed using metering valves (DF30, Valois). The propellant was fed into the pressure-proof vials using a manual high-pressure pump (HiP 50-6-15) and a homemade aerosol filler. The volume of HFA added was such that the final concentration in the vial was 2 mg mL −1
. The formulation was gently agitated in a lowintensity sonicating bath (VWR P250D set to 180 W) between 16 and 18°C for a few minutes to break up larger aggregates. Digital images of the dispersion were captured immediately after ceasing the mechanical energy input, and later at predetermined times. The physical stability of the dispersion was qualitatively estimated as a function of the dispersion age. As a comparison, bare G3-NH 2 -FITC was also formulated in pMDIs (0.15 mg mL −1 ) as described above for core-shell particles, and its dispersion stability also evaluated as a function of time.
Aerodynamic Properties of G3-NH 2 -FITC Core-Shell Formulations
An eight-stage Andersen Cascade Impactor (ACI, Copley Scientific) operating at a flow rate of 28.3 L min −1 was used to evaluate the aerosol characteristics of the G3-NH 2 -FITC-loaded core-shell formulations. Formulations of G3-NH 2 -FITC alone were also tested for comparison. The studies were carried out at room temperature and 52% relative humidity. Freshly prepared canisters of the formulations were dispersed with the help of a sonicating bath maintained at 18°C for 30 min. Several shots of the formulation were fired to waste prior to subjecting them to the impaction experiments. Twenty shots were then fired into the ACI at an interval of 10 s between each actuation. After the study, the amount of dendrimer deposited on the actuator (Ac), the induction port (IP), and each of the stages of the ACI was estimated by rinsing the stage plates in 20 mL of 1X HBSS overnight, and subjecting the resulting solution to fluorometry. Three independent runs (different canisters) were conducted, and the results reported here are averages of those runs. In addition to the fine-particle fraction (FPF), other relevant aerosol properties including the mass median aerodynamic diameter (MMAD), and geometric standard deviation (GSD) were also determined from the ACI results.
RESULTS AND DISCUSSIONS
Synthesis and Characterization of G3-NH 2 -FITC, and FITCConjugated PLGA FITC was tagged onto dendrimers in order to allow their detection during transport and uptake studies. FITC conjugation to G3-NH 2 was accomplished by linking the isothiocyanate group of FITC to the amine group of G3-NH 2 [29] . Characterization of the prepared G3-NH 2 -FITC was done using 1 H NMR. The NMR spectrum of the prepared conjugates, along with the reaction scheme is shown in the Supplementary Material Figure S1 .
A singlet observed at 2.19 ppm can be attributed to the methylene (−CH 2 -) protons of G3-NH 2 . This peak was used as an internal standard to estimate the extent of FITC conjugation, and was set at 120(H) protons [30] . Multiplets between 7.82-8.22 ppm can be attributed to the carbamate (−NH-) peaks of the G3-NH 2 . The presence of FITC can be confirmed by the appearance the multiplet at 6.42-6.61 ppm, attributed to the aromatic protons (4H) on FITC [20] . The ratio of the integral area of the signals between 6.42-6.61 to the integral area of the methylene protons of the G3-NH 2 , weighted by the respective number of protons gives the number of FITC molecules per G3-NH 2 , in this case, determined to be 1.7. Conjugation of FITC to G3-NH 2 surface reduced its zeta potential from 21.2 to 15.5 mV. The number of FITC molecules that can be tethered to G3-NH 2 surface can be tailored by altering molar ratio of the reactants [26] . FITC-conjugated PLGA was synthesized so as to evaluate the rate of cellular uptake of PLGA NPs and to compare with the uptake results of the dendrimer-NP blends as discussed below. The conjugation was also characterized by 1 H NMR. The presence of multiplet peaks between 6.5 and 6.7 ppm can be attributed to the presence of FITC (spectrum not shown), which was conjugated to the carboxyl group (converted to a primary amine) on the PLGA terminus.
Loading of G3-NH 2 -FITC onto PLGA NPs, Characterization of the NPs, and Release of the Dendrimers from the Polymeric Nanoblends
Loading moieties into biodegradable polymeric matrices can lead to sustained release of encapsulate over extended periods of time [31] . Sustained and controlled release of therapeutics from the NPs is an effective methodology to ensure retention and prolonged therapeutic effect at the target site, and has further relevance in the delivery of high potency, and/or more costly drugs such as chemotherapeutics [31] . Such strategies have also been demonstrated for large therapeutics such as biomacromolecules, with molecular weight and hydrophilicity similar to that of DNCs investigated in this work [32] . Incorporating dendrimer conjugates within polymeric NPs (nanoblends) can potentially augment the capabilities of the dendrimers and PNC as potent drug delivery vehicles, by providing an avenue for further control of the release and transport of the DNCs across biological barriers, and consequently, that of the therapeutic cargo conjugated to the DNCs. Additionally, these NPs can act as protective depots for fragile molecules that may be conjugated to the dendrimers, thereby ensuring greater retention of their activity [31, 32] . The encapsulation of dendrimers in polymeric NPs can also be used to mediate the interaction of the dendrimers with both extra and intracellular barriers present in the lung epithelia. As drugs and other moieties are grafted onto DNCs, the surface chemistry of the carriers is altered, which may also impact their interaction with both intra and extracellular barriers [33] . The encapsulation of the dendrimers into NPs may thus serve as a strategy/general platform for the transport of different dendrimer nanocarriers.
The double emulsion solvent evaporation technique was employed to load the G3-NH 2 -FITC onto the NPs. The particles formed were lyophilized and characterized using SEM and LS. A representative SEM micrograph (×10,000) of the NPs and the size distribution as determined by LS (as inset) is shown in Fig. 1a . LS experiments were conducted in 1X HBSS as the medium, which is the same solvent medium used in the uptake and transport experiments. Particle size as determined by LS was 175±28 nm, with a polydispersity of 0.08. SEM images indicated that the particles formed were smooth spheres with an average size of 221±35 nm, as determined with the ImageJ software (v1.4, NIH). The zeta potential of the particles was found to be −10.1±2.4 mV. The loading of the G3-NH 2 -FITC into the NPs was estimated using fluorometry as discussed in Methods. The amount of G3-NH 2 -FITC loaded into the NPs was determined to be 7.8 ±1.2 μg mg −1 NPs. This average is an estimate of three independent runs (different batches of NPs). The overall encapsulation efficiency of the G3-NH 2 -FITC into the NPs was found to be 10%±1.8%. The relatively low loading of the G3-NH 2 -FITC into the NPs can be attributed to the hydrophilicity of the dendrimer, which enhances the rapid partition of the G3-NH 2 -FITC to the external aqueous phase during the dilution procedure, as observed for other drugs and biomacromolecules such as proteins and peptides [34] . It must be noted that the procedure detailed for loading G3-NH 2 here has not been optimized. However, further improvements to the process can be made to enhance G3-NH 2 loading by incorporation of appropriate stabilizers, altering polymer/dendrimer concentrations, and adjusting pH of the external phase during the emulsification process [31, 35] . The NPs of FITC-conjugated PLGA had a size of 245±40 nm and a zeta potential of −12±3.1 mV as determined by LS.
There have been a few studies in the literature that have reported the formulation of dendrimers into particulate carriers [36] . Most of those studies have focused on the encapsulation of G3-NH 2 -plasmid DNA complex (dendriplexes) into PLGA microparticles [36] . One of the important findings from those studies was the ability to sustain the release of these dendriplexes from the polymeric core over extended periods of time, suggesting that formulating dendrimer conjugates into polymeric matrices can be a potential strategy to further enhance their efficacy as drug delivery agents [36] . To the best of our knowledge, there have been no previous articles reporting the encapsulation of dendrimers into polymeric NPs.
Release studies of the G3-NH 2 -FITC from the polymeric matrix were conducted in 1X HBSS, the medium in which the transport experiments were to be conducted, as described in the earlier sections. Additionally, release studies were conducted in synthetic mucus-laden HBSS, in order to simulate an environment that the NPs will encounter in the vicinity of the cell milieu and understand the impact of the surroundings on the G3-NH 2 -FITC release. These experiments were conducted in triplicate. The release studies were conducted for a period of 24 h, with supernatant removed and tested at Fig. 1b . It is observed that a sustained release of G3-NH 2 -FITC can be achieved from the NPs within the time span investigated, with about 24% of the conjugate being released into the buffer by 24 h. A similar release profile was also exhibited by the NPs when the studies were conducted in the mucus-dissolved buffer. In order to put these release studies in perspective, it would be instructive to compare the results to compounds of similar size as the DNCs that have been encapsulated into PLGA NPs, with PLGA of similar molecular weight. Interestingly, insulin (MW 5,808 Da) loaded into PLGA (MW 50 kDa) NPs exhibited a similar release profile as the G3-NH 2 -FITC reported in this work [37] . However, in our work, we observed a more subtle, sustained release of the conjugates during the initial times as opposed to a sudden burst release, which has been reported for the aforementioned and several other systems [38] . This can be attributed to the relatively low loading efficiency of the conjugates within the NPs, and the MW of the polymer. The effect of lower loading of encapsulates into NPs on the release characteristics has been extensively reported in literature. For instance, PLA NPs containing varying payloads of savoxepine, a potent antipsychotic compound, displayed dual release profiles [39] . An initial burst and faster release characteristics were observed for NPs with higher encapsulated payloads, while those with lower drug contents displayed little or no burst release, and considerably, slower release profiles [40] . This behavior was also observed for a protein, bovine serum albumin (BSA) loaded into PLGA microspheres. Another factor that could possibly influence the release characteristics of G3-NH 2 -FITC from the polymeric matrix is the presence of surface-associated PVA, which is usually present on the smaller NP surface, and which has been shown to hinder the diffusion of encapsulated compounds from within the NPs [41] . This is an important observation, as sustained-release profiles of moieties from polymeric matrices is expected to be primarily governed by diffusion processes during the early stages of release [41] .
Cytotoxicity of G3-NH 2 -FITC and G3-NH 2 -FITC-Loaded NPs on Calu-3 Cells
The cytotoxicity of the conjugates and the dendrimer-NP blends were tested on Calu-3 cells. Cell viability was determined using the MTT assay as described in Methods. The cell viability results are plotted as a function of the concentration of G3-NH 2 -FITC and of the dendrimer-NP blend. The results are illustrated in the supplemental information as Figure S2 . The results reported here are those for a period of 7 h, as transport studies conducted in this work lasted 5 h.
The results show that neither the bare conjugate dendrimer nor the conjugate formulated as NPs induced any appreciable cytotoxicity on Calu-3 cells within the concentration ranges investigated. It has been well established that cytotoxicity of dendrimers are concentration, charge and generation dependent, with cationic dendrimers of higher generations exhibiting greater cell kill than their anionic and lower generation counterparts [42] . As there have been no previous cytotoxicity studies of G3-NH 2 -FITC onto Calu-3 cells, it would be appropriate to compare our results to studies performed on Caco-2 cells, which is a colon cancer cell line that exhibits certain characteristics somewhat similar to Calu-3 (possess microvilli and form tight epithelial junctions) [14] . Experiments conducted on Caco-2 cells show that G3-NH 2 -FITC are non-toxic up to a concentration of 10 μmol (~69 mg) per milliliter, which is much higher than the concentration range investigated in this work [43] .
The combination of G3-NH 2 -FITC and PLGA NPs did not exert any toxic effect on the cell monolayers within the concentration tested either, as shown in Figure S2b . This is not surprising as previous cell viability studies on Calu-3 cells have reported that PLGA NPs did not induce any pronounced cytotoxic effects even at 48 h after exposure for concentrations of up to 5 mg of NPs per milliliter [44] . The non-toxic nature of the G3-NH 2 -FITC-loaded NPs suggests that the encapsulation of dendrimer conjugates within NPs may possibly also be seen as a viable strategy to alleviate the potential toxicity associated with higher concentrations and/ or high dendrimer generation, and their corresponding conjugates. The encapsulation of dendrimers in NPs may also alleviate issues regarding to the solubility of dendrimer nanocarriers in physiological environment in cases when their surface is modified with hydrophobic therapeutics.
Characterization of the Calu-3 Monolayers for Transport Studies
The human airway epithelial cell line Calu-3 was used to assess the permeability and uptake of the G3-NH 2 -FITC and G3-NH 2 -FITC encapsulated into PLGA NPs. Calu-3 is a well differentiated and characterized cell line derived from human bronchial sub mucosal glands [23] . Besides producing tight junctions, Calu-3 is one of the few respiratory cell lines capable of expressing many important characteristics of the bronchial epithelium in vitro, such as the production of airway surface liquid, mucin excretion, cilia, and other immunologically active substances that make Calu-3 an appropriate candidate for elucidating tracheobronchial permeability in vitro [23, 45] . Calu-3 cells were grown under a liquid-covered culture for 48 h, after which the medium in the apical compartment was removed and the cells were allowed to grow under AIC. It has been shown that when grown at AIC, Calu-3 cells exhibit a greater resemblance to the native epithelium (microvilli/cilia, mucins and other relevant glycoproteins), and hence that particular method of culture was employed in this study [23] .
The TEER of the Calu-3 monolayers was measured to ascertain their confluence. As described earlier, before measuring the TEER, 200 μl of the culture medium was added to the apical chamber for the measurements as the cells were cultured at AIC. The well plate was allowed to equilibrate in a humidified atmosphere for 30 min, and the TEER then recorded. A plot of the TEER afforded by the cell monolayer as a function of time (days in culture) is shown in Fig. 2d .
The TEER of the Calu-3 monolayers is seen to increase steadily above baseline by day 5, and to reach confluence by day 8. The values leveled by day 11, indicating that the monolayer had reached the level of confluence required to conduct the transport studies [23] . These results compare favorably with the results reported in the literature for Calu-3 cells cultured under AIC, which are deemed confluent for TEER values peaking beyond ca. 300 Ω cm 2 , values which are dependent to some extent to the culture conditions and cell passage [23, 46] . In addition to determining the TEER of the monolayers, immunocytochemical (IC) analysis and electron microscopy studies were conducted to visually ascertain the presence of tight junctions and morphology of the confluent Calu-3 monolayers. In this work, IC analysis and electron microscopy experiments were performed a day prior to commencement of the transport studies. The cell monolayers were prepared for both studies as detailed in the Methods section. Figure 2a is a representative electron micrograph of a Calu-3 monolayer fixed and stained with osmium tetroxide, and reveals that the confluent Calu-3 monolayers displayed some of the requisite morphology possessed by confluent Calu-3, such as microvilli (filled white arrows).
IC analysis was performed on the cell monolayers to detect the presence of zona occludens protein-1 (ZO-1), which is a major protein expressed in the tight junctions of confluent Calu-3 cells. The presence of the protein was detected by staining the fixed cells with an anti ZO-1 antibody labeled with Alexa Fluor® 546 [23] . The nuclear stain, DAPI, was utilized as a counterstain. A representative fluorescent microscope image of the fixed and stained Calu-3 monolayer is shown in Fig. 2b . The presence of orange boundaries (denoted by the yellow arrows) around the cells can be attributed to the expression of ZO-1 protein. Calu-3 cells when cultured under AIC have been shown to secrete a greater amount of glycoproteins (mucins) on their surface, which can be detected by staining the cell surface with Alcian blue. Figure 2c is an optical microscope image captured after the cells were stained with Alcian blue and fixed. The heavy [23, 46] . Once the monolayers were characterized and their morphology ascertained, they were subject to transport experiments, which are discussed next.
In Vitro Transport and Uptake
In vitro transport of bare G3-NH 2 -FITC and those loaded into NPs were conducted on confluent Calu-3 cell monolayers for a period of 5 h. A summary of the P app (y 1 axis) results as a function of time for bare G3-NH 2 -FITC, and those formulated as blends within PLGA NPs across Calu-3 is shown in Fig. 3 .
The y 2 axis in the plot denotes the cumulative mass of G3-NH 2 -FITC transported (in percentage) across the cell monolayer as a function of time after pulsing. At the end of the 5-h time point, the P app of the G3-NH 2 -FITC across Calu-3 was found to be 1.4×10 −7 cm s −1
. About 1.7% of the conjugates had traversed across the monolayer within 5 h. An increase in the P app value from 0.7 to (a peak of) 2.8× 10 −7 cm s −1 was observed at 2 h, followed by a subsequent decrease to 1.4×10 −7 cm s −1 by the end of the experiment, indicating the presence of an "activation" time for transport. This coincides with a minimum in the TEER (Fig. 4) , which may indicate a preference with regards to transport route.
On the other hand, for the system comprised of G3-NH 2 -FITC formulated as blends with the PLGA-NPs, no transport was observed within the duration of the experiment. Slow release of the conjugates (low concentration of the G3-NH 2 -FITC in the donor chamber) from the NPs is expected to help mediate the transport of the DNCs across the monolayer. From the sustained release studies discussed above, it is estimated that only ca. 5% of the encapsulated conjugate is released from the polymeric matrix within 5 h. Because the concentration of the DNCs is expected to impact their permeability [14] , the encapsulation of the dendrimer within the NPs should help decrease the rate of transport. Moreover, the NPs themselves are not expected to be transported across the Calu-3 monolayer, further reducing the potential for transport of the DNCs [47] .
Cell monolayers incubated with bare G3-NH 2 -FITC and G3-NH 2 -FITC loaded PLGA NPs were lysed after the transport experiments so as to quantify cellular uptake. The results indicated that 16%±1.7% of the bare G3-NH 2 -FITC (0.08 nmol) and 19%±2.1% (0.1 nmol) of the G3-NH 2 -FITC from the NPs were internalized into the cells during the study. It is quite interesting to observe that the dendrimer internalization seems to be greater with NPs compared to free dendrimers. A mass balance of the dendrimers was accomplished by quantifying the contents of the apical chamber for G3-NH 2 -FITC after the completion of the transport studies, and combining those values with those obtained from analyzing the contents internalized into cells and the contents transported across to the basolateral side. The total amount recovered from these analyses (for both systems) was 85%-out of the total pulsed onto the cells. In comparison, earlier translocation studies conducted on Calu-3 cells utilizing polymeric NPs of similar size as those discussed here reported an internalization of 11%, with a recovery of up to 93% [47] The fact that recovery in both studies falls short of 100% can be attributed to losses associated with the fraction of carriers that maybe bound to the cell surface despite washing-that fraction will settle down along with the cell debris during the centrifugation. Losses may also arise due to adsorption of particles to other surfaces, and also quenching of the fluorophore [47] .
While no previous results for internalization or transport of dendrimers across Calu-3 cells have been reported yet, it is interesting to put the results of this work in perspective by comparing with other cell types. The transport of G3-NH 2 -FITC across Calu-3 cells is observed to be qualitatively different than that reported for Caco-2 cells, where no apparent maximum in permeability has been reported [14] . However, the magnitude of the P app of the G3-NH 2 -FITC across the Calu-3 monolayer was observed to be similar to that reported across Caco-2 monolayers, which was ca. 0.8× 10 −7 cm s −1 at 150 min [48] . While these numbers seem to be in agreement, caution should be exercised when drawing such comparisons, as factors including cell type, donor chamber concentration, extent of fluorescent labeling and duration of the study can greatly influence the overall rate of transport [14, 43, 49] . For instance, in the aforementioned studies, typical donor concentrations employed were at least 0.1 mM, which is considerably larger compared to this study (3.2 nmol). The similarities in these numbers at such dramatically different concentrations of the nanocarriers highlight the impact of the cell type on transport. For instance, at concentrations of 0.1 mg mL −1 G3-NH 2 -FITC dendrimers had P app values of 5.5×10 −7 cm s −1
across Madin-Darby canine kidney cells (MDCK) [50] . These values were markedly different when compared to what was observed for both Caco-2 and Calu-3 cells. Another factor that can also influence the permeability of G3-NH 2 -FITC is the donor chamber concentration and incubation time. For Caco-2 cells, at two different donor concentrations of 10 and 1 mM, the P app values were determined to be 2.7×10 −7 and 0.6×10 −7 cm s −1 , respectively [48] . In another study, transport of G2-NH 2 (generation 2 dendrimers) studied on MDCK cells at increasing donor chamber concentrations from 50 to 300 μg resulted in ca. fourfold increase of the P app values [50] . These studies highlight the dependence of P app on the initial donor chamber concentration.
To put these results in perspective, a comparison of the P app values can be also made against some of the most common paracellular and transcellular markers. FITC-dextran, a common paracellular marker, of similar MW to the dendrimers studied here (10 KDa) was reported to have a P app value of ca. 2×10 −7 cm s −1 across Calu-3 monolayers cultured under AIC-similar to what was observed in this case, while small lipophilic compounds that primarily traverse across Calu-3 monolayers via transcellular route, have much higher permeabilities, with P app in the range of 10 −5 to 10 −6 cm s −1 [23] . TEER measurements were used to understand the impact of the nanocarriers onto the monolayer integrity. The results for G3-NH 2 -FITC, NP containing G3-NH 2 -FITC, and NPs alone are shown in Fig. 4 .
From the plot, a marked reduction (~60% of control) in the TEER of the Calu-3 cell monolayers incubated with G3-NH 2 -FITC was observed. Similar results have been reported when studying the transport of dendrimer conjugates across Caco-2 cell lines, where a strong association between paracellular transport (through the cellular tight junctions) and TEER reduction was proposed [49] . The integrity of the tight junctions populating the cell monolayers has been shown to be altered in the presence of positive charges such as the amine surface groups of G3-PAMAM dendrimers [49] . Our experiments revealed that replacing the G3-NH 2 -FITC laden media with culture medium after 5 h resulted in the revival of TEER to 80% of the control after 3 days. This is an important find as these results, coupled with the lack of cytotoxicity on Calu-3 cells within the concentration ranges tested, reaffirm the potential of G3-NH 2 dendrimers as drug carriers for lung delivery.
The TEER reduction was also evaluated for the cell monolayers incubated with G3-NH 2 -FITC loaded NPs. The studies revealed that there was no significant reduction in the TEER values of the cells incubated with the G3-NH 2 -FITC loaded NPs compared to that of the control. The same observation was recorded for blank PLGA NPs pulsed onto Calu-3 cells. These results agree with earlier studies where it has been shown that PLGA NPs incubated on Calu-3 and on other epithelial cells did not alter the TEER, suggesting that the NPs do not interfere with the tight junctional integrity [51] . An impact on the TEER seems to correlate well with the ability of the nanocarrier to transport across the monolayer. This is also clearly a concentration-dependent effect, as when the dendrimers are released in small concentrations from the NPs, they do not significantly affect the TEER, and are also not transported across the monolayer either.
Uptake Studies with FACS
Flow cytometry was employed in order to quantitatively determine the rate and extent of internalization of bare G3-NH 2 -FITC, G3-NH 2 -FITC-loaded NPs, and PLGA-FITC NPs into polarized Calu-3 cells. The additional system of PLGA-FITC NPs was added in order to decouple the effect of NP internalization to that of the internalization of the FITC-dendrimer released from the NPs into the medium during the experiment, as discussed in more detail below. For each system, at least 6,000 events were counted.
The results of the mean fluorescent intensity (MFI) values obtained from FACS for each system (G3-NH 2 -FITC, G3-NH 2 -FITC-loaded NPs, and PLGA-FITC NPs) are summarized in Fig. 5 as a function of time. The results from Fig. 5a are recast in Fig. 5b as a percentage relative to the total internalization at 5 h (which was set as 100%) in order to better understand the rate of cellular entry. Note that this is done in spite of the fact that not all curves seem to have leveled off at that time, but nonetheless, it will prove useful in this discussion. The results in Fig. 5c serves to highlight the effect of monolayer polarization on cellular uptake-the uptake results for a selected system (G3-NH 2 -FITC) are summarized in Fig. 5c for polarized vs. non-polarized Calu-3 monolayers.
A sustained increase in cellular uptake, followed by a subsequent leveling off was observed in the case of G3-NH 2 -FITC nanocarriers- Fig. 5a . The leveling off in the cellular uptake was consistent with previous studies, where a similar trend with respect to the uptake of FITC-conjugated cationic dendrimers was observed on A549 cells [26] . This phenomenon was attributed to the fact that cationic dendrimers are typically internalized via adsorptive endocytosis, mediated by the presence of negatively charged proteoglycans on the cell membrane [26] . The uptake kinetics for this mode of internalization follows a curvilinear pattern likely due to saturation of membrane binding sites. A similar observation was also reported in B16f10 melanoma cells [52] . Interestingly, the internalization for cationic dendrimers in A549 cells leveled off within an hour after pulsing [26] . However, in this work, we observed a more gradual leveling off in the rate of internalization, with ca. only 60% being internalized after 1 h- Fig. 5b . This could possibly be attributed to differences in dendrimer generation and cell type, as both can influence cellular uptake [14, 53] . Another factor that could have potentially affected the rate of internalization is that, different from A549 cells, Calu-3 cells express mucins, which are negatively charged proteins that may interact with the dendrimers via electrostatic interactions, effectively hindering their transport to the cell surface.
When compared to the G3-NH 2 -FITC nanocarriers, the NPs (FITC-PLGA NPs) are seen to be internalized at a much lower rate- Fig. 5b . It has been previously reported that particles in the size range of 30-nm diffuse unhindered across mucosal layers, while larger particles diffused at a much slower pace [54] . It seems, therefore, that despite their positive charge, G3-NH 2 -FITC, being much smaller than NPs, traverse the mucus layer at a much faster rate compared to what has been observed for NPs. It is also interesting to observe that there seems to be an induction period in terms of the internalization of the NPs, which was not observed for the free dendrimers. After an initial internalization, very little, in terms of NPs, seems to be taken up between 1 and 3 h, when the rate of internalization starts increasing again. Even after 5 h, the trend in the uptake curve appears to suggest that NPs continue to be internalized. This could be potentially related to the difficulty in diffusing through the mucosal layer at early times, as discussed above, but the ability of those particles to eventually traverse the mucus layer and to start being subsequently internalized.
The G3-NH 2 -FITC-NP nanoblends internalized at a rate similar to that of the FITC-PLGA NPs in the first 30 min of experiments, after which, the rate of internalization more closely resembled that of the free G3-NH 2 -FITC- Fig. 5b . These results suggest that initial dendrimer internalization happened mostly as a blend (within the NPs). Different from the G3-NH 2 -FITC, the uptake of PLGA NPs into the cell milieu is mostly expected to occur via internalization mechanisms distinct to those of positively charged dendrimers (at least how it is mediated at the cell surface), such as pinocytosis or clathrin-mediated endocytosis, owing to the negative charge and size of NPs [55] . This may help explain the variation in the rate of uptake when compared to that of bare G3-NH 2 -FITC. However, after 1 h, even when the release of the dendrimer from the NPs is relatively small at ca. 1.5%, the internalization of (free) dendrimers released from the NPs, and not as blends, seem to take over the internalization process. It is also interesting to see that even after 5 h, the internalization process does not seem to have leveled off, different from the case of free dendrimers. This may be due to the fact that the internalization of the NPs increases at later times-after an induction period as discussed for the FITC-PLGA NPs. The increasing presence of free dendrimer released from the NPs is also likely to contribute to the fact that the curve seems to not level off at 5 h.
Given that the same mass/M concentration of dendrimer is added to the system for both free dendrimer and dendrimer encapsulated within the NPs (dendrimer in the blends), the MFI for the respective curves shown in Fig. 5a can be directly compared. The dual mode of uptake of the dendrimer when formulated as blends (within the NPs as a blend, and as free dendrimer) seems to facilitate the internalization of a greater amount of dendrimer into the cell, thus effectively preventing the saturation seen in the case of free dendrimer. This is especially attractive as a drug delivery strategy as one can control not only the rate of delivery, but also the total cellular uptake. The ability to enhance uptake may be achieved by eliciting different endocytic pathways as can be done by varying the surface characteristics of nanocarriers, and this is currently under investigation [42, 55] .
Another important aspect of the FACS study was to elucidate the effect of Calu-3 polarization on cellular uptake. Polarized Calu-3 cells are expected to form tight junctions and exhibit all requisite morphological features inherent to them, which also includes a different composition of the apical and basolateral membrane [56] . Because cellular uptake is surface-mediated, the composition of the apical side of the membrane is expected to impact uptake. Calu-3 was cultured to form polarized monolayers as described in the earlier sections. In case of the non-polarized cells, the cells were seeded at the same density in 24-well plates and allowed to proliferate for a period of (only) 4 days prior to pulsing them with the G3-NH 2 -FITC, when the cells were determined to be non-confluent. A plot of the MFI as a function of time for both non-polarized and polarized cells is shown in Fig. 5c . From the figure, a drastic increase in cellular uptake was observed for the non-polarized Calu-3 cells, with no signs of saturation in internalization by 5 h, in sharp contrast to the results observed for the polarized layer. The results thus emphasize the relevance in performing the internalization studies on polarized monolayers.
In summary, the transport and internalization results described above suggest that the G3-NH 2 -FITC can not only be effectively transported across Calu-3 monolayers, but also efficiently internalized in the cell milieu. The results also show that further mediation in terms of both cellular uptake into Calu-3 cells, and transport across the respective monolayers may be achieved by nanoblending the DNCs within polymeric NPs. In the sections that follow, we present a strategy to formulate dendrimer nanocarriers into propellant-based OI formulations (pressurized metered-dose inhalers, pMDIs), with aerosol characteristics conducive to deep lung deposition. Together with a recent publication from our group that demonstrates the ability to formulate solid polymeric NPs in pMDIs, the results demonstrate the potential in using the nanocarriers discussed here as platforms for the delivery of therapeutics to the lungs for local or systemic delivery [28, 57] .
Preparation and Characterization of G3-NH 2 -FITC Loaded Core-Shell Particles
Given the fact that the dendrimer nanocarriers are highly positively charged, we expected them not to be easily dispersible in the low dielectric HFAs [58] . Another potential issue in formulating the nanocarriers in propellant-based inhalers that needed to be considered is the fact that the optimum size of the aerosol particles for deep lung deposition (a few microns in diameter) falls far outside the size of the dendrimer nanocarriers (a few nanometers in diameter) [1, 9] . These will be considered in more detail in the discussion that follows. In this section, we present a particle engineering technology that was pursued to formulate the dendrimer nanocarriers as micron-sized particles with enhanced physical stability in the propellant HFA, as an attempt to address the concerns mentioned above.
Loading of G3-NH 2 -FITC into core-shell particles was accomplished via a modified emulsification-diffusion methodology [27] . OLA-g-CS is a water soluble co-oligomer that has been shown to aid in the formation of stable particle dispersions in propellant HFAs due to the presence of ester groups, which are highly HFA-philic [27, 57] . A representative SEM micrograph of the G3-NH 2 -FITC loaded core-shell particles prepared as discussed in Methods is shown in Fig. 6 . The size distribution of these particles, as determined by DLS in a model HFA (HPFP, which is liquid at ambient conditions), is shown as an inset in the same figure.
The SEM micrograph indicates the formation of smooth, fairly polydisperse (but with a single peak) particles. The average size of the particles was determined to be 1.0± 0.2 μm, with a polydispersity of 0.3. The geometric size range of the particles formed here is well within the range prescribed for efficient deep-lung deposition of inhaled aerosols [1, 27, 57] . The encapsulation efficiency of the G3-NH 2 -FITC was determined using fluorometry. The loading of G3-NH 2 -FITC in the core-shell particles was determined to be 0.06±0.01 mg of dendrimer per milligram co-oligomer, which corresponds to an encapsulation efficiency of 37%± 5%. While we have not attempted to encapsulate the G3- Fig. 6 . SEM micrograph of the G3-NH 2 -FITC-loaded core-shell particles prepared via emulsification-diffusion. (Inset) Size distribution of G3-NH 2 -FITC-loaded core-shell particles prepared using emulsification diffusion, as estimated by DLS, in HPFP, a model (liquid at ambient conditions) propellant HFA NH 2 -FITC-loaded NPs in such core-shell particles, we have recently demonstrated the applicability of similar methodology in the encapsulation of polymeric NPs containing a fluorescent probe, which is of similar size and surface characteristics, and thus expect that strategy to be also applicable to the to the G3-NH 2 -FITC-loaded PLGA NPs. [57] .
Physical Stability of G3-NH 2 -FITC-Loaded Core-shell Particles in HFA227
The stability of freshly prepared G3-NH 2 -FITC-loaded core-shell particles and bare G3-NH 2 -FITC dispersions in HFA227 was assessed by visually ascertaining the rate of sedimentation of the formulations as a function of time. Digital photographs were captured at predetermined times after the mechanical energy for dispersing the particles ceased, in order to assess the quality of the dispersions. Images captured at t=0 h and t=2 h are shown as inset in Fig. 7a . The physical stability of formulations prepared using bare G3-NH 2 -FITC is also shown as insets in Fig. 7b . The concentration of the core-shell particles was 2 mg mL −1 (corresponding to 0.14 mg of the conjugate). A similar concentration of the G3-NH 2 -FITC (0.15 mg mL ) was utilized for the bare formulation.
From the images, we observed that the dispersions formulated using the core-shell particles are seen to possess superior physical stability when compared to the bare G3-NH 2 -FITC formulation. The bare G3-NH 2 -FITC formulated in the propellant creamed within a few seconds, and remained as aggregate, even after further mechanical energy input. For the core-shell formulation, creaming of the particles due to gravitational forces was observed-these are micron particles compared to the nanometer-sized dendrimers. These particles form loose aggregates that can be easily broken up and redispersed by simple manual agitation, indicating that the particles did not irreversibly flocculate.
Aerosol Characteristics of G3-NH 2 -FITC-Loaded Core-shell Particles
Cascade impaction studies were conducted using an ACI in order to quantitatively assess the aerosol quality of the pMDI formulations, and the effect of the proposed particle engineering technology. ACI is an in vitro testing device comprised of eight stages, with each stage representing a region of the lung, as benchmarked by in vivo and in vitro studies [57] . Actuating the formulation through the device under vacuum at a constant flow rate deposits the particles (free dendrimers or core-shell particles containing the G3-NH 2 -FITC) on different stages depending on the aerosol size-larger aerosol particles are retained on the earlier stages of the impactor, while the smaller ones are retained in the later stages [59] . The amount of the G3-NH 2 -FITC deposited on these stages was quantified by fluorometry, and relevant aerosol properties, including the FPF, MMAD, and GSD, were determined. FPF (fraction on stages 3-F of the ACI) is a measure of the efficiency of deposition in the deep lungs. MMAD is defined as the median of the airborne particle mass distribution with respect to the aerodynamic diameter. MMAD is always accompanied by GSD, which characterizes the variability of the particle size distribution [59] .
The ACI results for both the core-shell and the bare G3-NH 2 -FITC formulation are summarized in Table S1 included in the supplementary information, and recast as a percentage in Fig. 7a , b. The figure in percentage is easier for the visualization and comparison of the different formulations, . AC, IP, and F refer to actuator, induction port, and filter, respectively. (Insets) a Dispersion stability of G3-NH 2 -FITC formulated as coreshell particles in HFA 227 at 2 mg mL −1 , 298 K, and saturation pressure of the propellant mixture. The digital images were obtained as soon as the mechanical energy input for dispersing the system was halted, and as a function of time after that. b Formulations prepared using bare G3-NH 2 -FITC at 0.15 mg mL −1 concentration but does not contain the raw information required for the various calculations. Therefore, we include both figure and table (in the Supplementary Material). The values reported here are averages of three independent experiments-three different canisters, with 20 actuations per canister. The FPF for the formulation with the G3-NH 2 -FITCloaded core-shell particles was 55%±5%. We also achieved high recovery efficiency for this formulation -mass collected relative to the estimated amount delivered based on the formulation concentration and reservoir volume-80%±8%. In comparison, the bare G3-NH 2 -FITC formulation had a very poor recovery efficiency (ca. 5%), making a reliable estimation of the FPF and other aerosol properties impractical. The low recovery for the formulation with free dendrimer can be attributed to the fact that the system is not well dispersed within the canister, and other losses due to perhaps the small sizes of the dendrimers. From what was collected, a large fraction was detected in the induction port and filter regions of the actuator, indicating the aggregation and erratic dispersion of these carriers within the propellant. These results further corroborate our earlier hypothesis, where, through a combination of sedimentation rate experiments and colloidal probe microscopy, we have shown that there is a direct correlation between the physical stability of the formulations in the propellant, and the corresponding aerosol characteristics [27] . The aerosol properties of the G3-NH 2 -FITC core-shell formulation compare favorably with those of commercial pMDI formulations containing dispersed crystals of small molecular weight therapeutics [27] . For instance, Ventolin HFA®, a commercial formulation for asthma and chronic obstructive pulmonary disease (COPD) reported an FPF of 46% under the same conditions-note we have not attempted to optimize the FPF through changes in hardware nor particle size/distribution, when we would expect to achieve even larger FPFs. The MMAD and GSD of the core-shell formulation, was calculated to be 3.0 and 2.5 μm, respectively, which is in good agreement with values required for enhanced deposition to the deep lungs [8] .
These results suggest that G3-NH 2 -FITC formulations with good aerosol characteristics can be prepared using the proposed particle engineering strategy. Such platforms have thus the potential to be utilized to treat local ailments of the lungs, or in the treatment of systemic disorders through careful carrier design-transport modulation, as discussed above.
CONCLUSIONS
In this work, we demonstrate that the internalization and transport of G3-NH 2 -FITC across a model of the pulmonary epithelium can be modulated by forming nanoblends of the dendrimer within polymeric nanoparticles. The internalization of the blends is dramatically different compared to that of the free dendrimers. While saturation in cellular uptake is observed in the case of free G3-NH 2 -FITC, the same is not seen for the solid NPs blends containing the dendrimers, within the time frame of the experiments-5 h. Another distinguishing feature in the uptake of the blends and dendrimers is that while there seems to be an induction period over which the uptake of the NPs is slow, as expected, due to the larger size of the NPs, the presence of a mucus layer covering the Calu-3 cells, and the negative surface charge of the NPs, the total uptake of the dendrimers blended into the NPs increases at later times, and ends up being larger than the loading of free dendrimers at 5 h-and it does not seem to have reached saturation at that time. These results thus indicate that the formation of nanoblends may help overcome saturation, and thus enhance cellular uptake, by exploring alternative internalization mechanisms. The formulation of dendrimers as nanoblends is also seen to be very efficient in preventing the transport across the monolayer, as seen by a decrease in the apparent permeability from 10 −7 cm s −1 for the free dendrimers, to zero for dendrimers formulated as nanoblends. It is also relevant to mention that within the concentration range investigated in this work, both the dendrimer and nanoblends were seen to be fairly non cytotoxic to Calu-3 cells. These results are particularly exciting as dendrimers have been suggested as effective drug delivery carriers for several chemotherapeutics, biomolecules, imaging agents, and other relevant high potency drugs. These results, combined with the ability to efficiently formulate free dendrimers or solid NPs (our previous work) in pMDIs, highlight the potential of these nanocarriers for the OI delivery of a range of therapeutics for the treatment of regional and systemic diseases.
